Ribonucleoside diphosphate (RDP) reductase activity can be readily assayed in ether-treated Escherichia coli cells. The rate of cytidine 5'-diphosphate (CDP) reduction observed in ether-treated cells by using saturating substrate concentrations is about 25% of the rate of de novo deoxyribonucleotide synthesis required to account for in vivo deoxyribonucleic acid synthesis. Optimal activity is observed in the presence of magnesium ions and a positive effector. Adenosine 5'-triphosphate (ATP), deoxy ATP (dATP), and deoxythimidine triphosphate serve as positive effectors, and dATP also serves as a negative effector. These effects on the activity in ether-treated cells resemble those observed in vitro with highly purified enzyme. When the RDP reductase activity in these cells is assayed by using high specific activity 3H-CDP as substrate, even at nonsaturating substrate concentrations, the sensitivity of the assay is sufficient to make it useful for the assay of the low levels of reductase activity in cells not derepressed by thymine starvation or in cells containing mutationally altered RDP reductase. This assay is much easier to perform than the usual in vitro assay, since thioredoxin, thioredoxin reductase, and enzyme subunits Bi or B2 need not be first purified and added to the reaction mixtures.
Ribonucleoside diphosphate (RDP) reductase activity can be readily assayed in ether-treated Escherichia coli cells. The rate of cytidine 5'-diphosphate (CDP) reduction observed in ether-treated cells by using saturating substrate concentrations is about 25% of the rate of de novo deoxyribonucleotide synthesis required to account for in vivo deoxyribonucleic acid synthesis. Optimal activity is observed in the presence of magnesium ions and a positive effector. Adenosine 5'-triphosphate (ATP), deoxy ATP (dATP), and deoxythimidine triphosphate serve as positive effectors, and dATP also serves as a negative effector. These effects on the activity in ether-treated cells resemble those observed in vitro with highly purified enzyme. When the RDP reductase activity in these cells is assayed by using high specific activity 3H-CDP as substrate, even at nonsaturating substrate concentrations, the sensitivity of the assay is sufficient to make it useful for the assay of the low levels of reductase activity in cells not derepressed by thymine starvation or in cells containing mutationally altered RDP reductase. This assay is much easier to perform than the usual in vitro assay, since thioredoxin, thioredoxin reductase, and enzyme subunits Bi or B2 need not be first purified and added to the reaction mixtures.
The ribonucleoside diphosphate (RDP) reductase system of Escherichia coli has been extensively studied by 4, 7, 8, 11, 12) and shown to consist of at least four proteins: proteins Bi and B2, thioredoxin, and thioredoxin reductase. The activity of RDP reductase is difficult to detect in crude fractions because of competing reactions, and optimal activity requires the addition of highly purified Bi or B2 protein as "helper enzymes" (3).
Furthermore, the molecular activity of the purified Bi and B2 proteins appears to be far too low to support the observed rate of in vivo deoxyribonucleic acid (DNA) synthesis (3).
DNA synthesis in toluene-and ether-treated cells is dependent upon an exogenous supply of deoxyribonucleoside triphosphates (10, 15) , suggesting that these nucleotides readily enter these cells without excessive alteration. We used ether-treated cells to assay the reduction of cytidine 5'-diphosphate (CDP) and to determine whether this activity approaches physiological levels of activity in such cells. The latter might be expected if the ether treatment preserves some intracellular structural features needed for optimal activity of the RDP reductase system. Table 2 , the medium was supplemented with 0.5% Casamino Acids. These cells are considered to have repressed levels of RDP reductase. The E. coli B/5 Tcells were also grown in medium supplemented with 0.5% Casamino Acids and 10 Ag of thymidine per ml.
The cells were harvested after growth had ceased due to thymine starvation (absorbancy at 650 nm [A,50] = 0.5). The RDP reductase in these cells was considered to be derepressed due to thymine starvation (1) . Harvested cells were treated with ether as described by Vosberg and Hoffman-Berling (15) , and the treated cells were suspended in basic medium (15) , and ether-treated cells in a fmal volume of 0.125 ml were incubated for 10 min at 30 C. The reaction was stopped with HClI4, and the amount of product formed was determined as previously described (11), except that 7 ml of the 70-ml column eluate was routinely evaporated to dryness, the residue was taken up in 0.2 ml of 1 M NH4OH, 10 ml of Bray solution (2) was added, and the amount of radioactivity was determined by scintillation counting.
For the determination of the Km for CDP, unlabeled CDP was added to standard reaction mixtures to vary the CDP concentration. For the comparison of reductase activity with the in vivo rate of DNA synthesis, the CDP concentration was 4.2 x 10-4 M.
Assay of RDP reductase activity in crude extracts. The radioactive assay described by Brown et al. (3) Purified Bi or B2 was added as indicated. The mixtures were incubated at 30 C, and the reaction rate was constant for at least 10 min under these conditions. The amount of product formed was determined as described above.
Assays for DNA and protein. Samples (5 ml) were removed at various times and added to 0.5 ml of cold 50%o trichloroacetic acid. The precipitates were collected by centrifugation, washed twice with 2 ml of cold 5% trichloroacetic acid, and resuspended in 1 ml of 1 M NH40H. Samples were assayed for DNA and protein by the methods of Short et al. (13) and Lowry et al. (9) , respectively, by using salmon sperm DNA and bovine serum albumin as standards.
RESULTS AND DISCUSSION In reactions using nonsaturating CDP concentration (10-6 M), ribonucleoside diphosphate reductase activity can be readily detected in ether-treated cells (Fig. 1) . The reaction is approximately linear with respect to time (Fig.  1A) and amount of enzyme (Fig. 1B) , and requires magnesium ions for maximum activity (Fig. 1C) . The optimal magnesium ion concentration in ether-treated cells is about 10-2 M, which is comparable to that reported for the reduction of CDP and guanosine 5'-diphosphate with purified enzyme (7, 8) . Inhibition of product formation occurs at higher magnesium ion concentrations, as reported earlier for the reduction of guanosine 5'-diphosphate (8) . The pH optimum in ether-treated cells is 8.2 to 8.4 with either Tris or HEPES buffer, and equal activity is detected with the two buffers (data not shown). In contrast, the reaction with purified enzyme has been routinely assayed at pH 7.6 (3).
To determine the rate of reduction with saturating substrate concentrations, the effect of CDP concentration on initial rate was determined (Fig. 2) . From these data the apparent Km for CDP was calculated to be about 8 x 10-5 M. This value corresponds well with the value of 4 x 10-5 M reported earlier by using purified enzyme (7) .
For comparison of RDP reductase activity in ether-treated cells with that required to support in vivo DNA synthesis, a culture of E. coli B/5 was sampled at various times and assayed for DNA, protein content, and reductase activity. This culture grew exponentially throughout the experiment, as shown by the plot of A.,,0 against time (Fig. 3) ; the DNA and protein content also increased exponentially. The rates of DNA synthesis were estimated from the slope of the DNA curve at the time of harvesting cells for ether treatment and assay for reductase activity (designated by arrows in Fig. 3 ), and these rates are shown in Table 1 Growth of E. coli B/5. A 1,500-ml culture was aerated vigorously at 30 C and 100-to 200-ml samples were removed at times indicated by the arrows and treated with ether. Samples (5 ml) were removed at more frequent intervals and assayed for DNA (0) and protein (0) content. The increase in cell mass was followed by determining the absorbance at 650 nm (-) in a Beckman DB spectrophotometer.
synthesis at all three cell densities. Thus, nearphysiological rates of CDP reduction can be obtained by using these conditions in ethertreated cells, providing further evidence that this enzyme system is responsible for de novo deoxyribonucleotide synthesis in E. coli.
Assays were also carried out with crude extracts prepared from E. coli B/5 ( (Fig. 4) . These results in ethertreated cells are comparable to those obtained with purified enzyme (3), except that 10-foldhigher concentrations of dithiothreitol are required for optimal activity in these cells. Perhaps leakage of the thioredoxin from these cells is responsible for this difference, although the addition of thioredoxin did not stimulate the reaction.
The sensitivity of the assay using low concentrations (10-5 M) of high specific activity CDP (40-80 counts per min per pmol) suggests that ether-treated cells might be useful for detecting and partially characterizing various RDP reductase mutants of E. coli and other bacteria. If the activity in ether-treated cells is sensitive to the same effectors that regulate the activity in vitro with purified enzyme, then mutants with defects in allosteric regulation might be detected with this assay. ATP, deoxythymidine triphosphate (dTTP), and deoxy ATP (dATP) stimulate activity optimally at 10-4 M, 5 x 10-5 M, and 10-I M, respectively (Fig. 5) ; optimal stimulation of the reduction with purified proteins has been reported at concentrations of ATP 5 10o-M, dTTP 5 10-5 M, and dATP = 10-6 M (3, 4). The differences between optimal values in ether-treated cells and those obtained with purified proteins are probably due largely to nucleotide interconversions within the cells which make the actual intracellular concentrations of all added nucleotides uncertain. Very high concentrations of ATP inhibit, but this is probably due to conversion of CDP to cytidine triphosphate, since similar concentrations of ATP do not inhibit when the CDP concentration is 4 x 10-4 M (data not shown). dATP becomes a potent inhibitor at dATP concentrations above 5 x 10-4 M, and nearly complete inhibition is obtained at 5 x 10-3 M. With purified enzyme, 10-4 M dATP almost completely inhibits CDP reduction (3). Thus, the reductase activity in ether-treated cells responds to positive and negative effectors in a pattem quite similar to that observed with purified enzyme.
The use of this assay for measuring the heat sensitivity of RDP reductase in the dnaF mutant of E. coli has already been reported (6) . The activity measured both in the ether-treated cells and in assays using the purified defective Bi protein was heat sensitive, suggesting that the two assays measure the activity of the same ribonucleotide reductase system.
